The energy gap of FeSe x Te 1-x (x = 0.4 -0.5) was investigated by break-junction tunneling spectroscopy. We found two main kinds of the gap. The predominant one is a Bardeen-Cooper-Schrieffer superconducting gap structure with 4Δ (4 K) = 5 -13 meV, corresponding to the SIS (superconductor-insulator-superconductor) junction, where 2Δ stands for the superconducting gap. The observed gap distribution is naturally attributed to local inhomogeneity in the tested crystal patch. Another gap-like structure appears as broadened gap peaks of V p-p (4 K) ≈ 80 mV, which is consistent with the local large gap detected by our scanning-tunneling-spectroscopy measurements using the same crystal batch. The possible origin of the gap is discussed bearing in mind the structural phase transitions occurring in FeSe x Te 1-x .
Introduction
Among iron-based superconductors, a PbO type β-FeSe is beneficial for studies of electronic properties because of its simplest crystal structure. The superconductivity of FeSe appears after substitutions, such as Fe(Se,M) (M = Si, Sb, S, Te) [1, 2] , and Fe(Te,S) [3] . The critical temperature T c of Te substituted Fe(Se,Te) superconductor can be easily manipulated by changing the Se/Te composition ratio. In particular, T c of FeSe is enhanced up to ~15 K by replacing Se by Te, while T c of FeSe is only 8 K. Furthermore, T c in such a pure binary compound remarkably rises up to 37 K under the high pressure of 8.9 GPa [4] . In the previous study, we have measured gradual composition changes and their influence on the nanoscale surface, e.g., as a function of the Se/Te ratio, by the scanning tunnelling microscopy and spectroscopy(STM/STS) [5] . On the other hand, the superconducting gap was measured by means of the break-junction (BJ) tunnelling spectroscopy (TS) [5, 6] .
In this paper, the tunnelling spectroscopy measurements of FeSe x Te 1-x (x = 0.4 -0.5) were carried out by BJTS in the temperature range below and above T c . This is an extension of our previous measurements [6] , in which the studies were limited to temperatures below T c . Now, a number of quasiparticle tunneling measurements of this compound were performed using the advanced STS technique applied to either single crystals [7] or thin films [8] . However, there are only a few results made using the conventional junction design [5] . In this paper, we present the measured superconducting gap features of FeSe x Te 1-x found by BJ studies. The ultimate advantage of BJTS is the extreme sensitivity to the electronic spectrum variations because it provides a fresh and unaffected valid tunnelling interface [9] .
Experiments
Single crystals of FeSe x Te 1-x were synthesized by a standard process [6] . The actual Se composition x was evaluated by the electron probe microanalyzer (EPMA). The resistivity measurements were done by a standard dc four probe method. By the in situ BJTS technique employed here, clean superconductor -insulator -superconductor (SIS) junction interface can be obtained along the crack of the thin platelet single crystal at T = 4.2 K [7] . The BJ tunneling spectra were measured using a low-frequency ac-modulation technique with a lock-in amplifier. A full bias-voltage scan takes typically 10 -30 min. Although the main aim here is to explore the delicate electronic properties using a conventional sensitive method, we also compare the results with our STM/STS measurements supplying a supporting information [5] . We note that x values determined by the EPMA turned out to be consistent with the Se and Te atomic ratios observed by the STM topography, indicating that the nanoscale surface characteristics reflect bulk properties as well [5] . Figure 1 shows the SIS tunneling conductance G(V) = dI/dV(V) in the superconducting state at T = 4.2 K for several break junctions of FeSe 0.5 Te 0.5 single crystals. In Fig. 1 (a) , the representative spectra are shown among a number of measurements. Top curve exhibits largely broadened and shallow gap structure with a substantial asymmetry. The gapedge peaks are located at ± 3 -4 mV. The middle curve shows intensive gap peaks at ± 2.5 mV with the Josephson peak at zero bias, appearing because the junction is of the SIS type. Between the peaks, subtle structures were found at ± 1 -1.5 mV. These features are consistent with the position of V = ±Δ/e inside the interval between main gap peaks found at V = ± 2Δ/e, where 2Δ and e are the superconducting gap and the elementary charge, respectively. Therefore, the SIS configuration of the break junction is confirmed in this G(V) spectrum. The most representative SIS conductance G(V) is shown as the bottom curve, where narrow and intensive gap coherence peaks occur at ± 2.7 -2.8 mV with almost flat and low-leakage ( ~ 10 % of the bias-independent normal-state conductance) subgap conductance features. This G(V) shape corresponds to the standard BCS quasiparticle density of states
Results and discussion
1/2 }| including the thermal smearing taken into account by introducing a small phenomenological broadening parameter Γ [10] . The value of 2Δ is found by fitting the SIS conductance, determined by the convolution of two functions N(E,Γ). It corresponds to the gap peak energy, regardless of the Γ value [11] . Therefore, we can obtain similar gap-peak positions although the spectra are of the different quality (see Fig. 1 (a) ). The gap value thus obtained is 2Δ(4K) = 2.5 -2.8meV. Since BJTS is extremely sensitive to local changes in stoichiometry as described in our previous measurements [11] , substantial variation of the gap is a common phenomenon here, being quite puzzling per se. Nevertheless, repeated BJ measurements reveal an upper boundary of the superconducting gap value. Spectra displayed in Figure 1 (b) show larger gaps as compared with (a), where the gap peaks at ± 5.5-6.5 mV= ± 2Δ/e are obtained from the gap structures with moderately (upper curve) and weakly (lower curve) pronounced peaks. Let us compare the spectral shapes of G(V) presented in Fg. 1 (a) bottom curve and (b), which are the most clear-cut gap-like data among the series of measurements. These data reveal a general trend that the larger-gap spectrum possesses a broader peak form as well as larger conductance fluctuations during the bias-voltage scan. At the same time, the conductance magnitudes of the spectra concerned are similar.
Evolution of spectra with temperature, T, is demonstrated in Fig. 2 . The largest gap value 2Δ ≈ 6.5 meV shown in Fig. 2 lower curve may be attributed to the highest bulk T c ≈ 15 K of this compound. The correspondent gap to T c ratio found in this material correlates well with that stemming from the values V p-p =4Δ/e = 40mV and T c = 48 K for the superconducting NdFeAsOF found in our previous BJTS measurements [12] , thereby supporting the idea of a common Cooper-pairing mechanism among the iron-based compounds [13, 14] . We chose a spectrum with the broadened gap to be the subject of G(V) temperature evolution studies shown in Fig. 2 , because characteristics of such junctions are usually more stable while varying temperature as compared to those exhibiting distinct gap structures, e.g., the curves of Figs. 1 (a) bottom and (b) . Indeed, in the junction conductance depicted in Fig. 2 , the G(V) feature at the lowest 4.8 K is substantially broadened, but the peak bias positions at ± 2.8 mV are almost the same as that of Fig. 1 (a) . As was indicated in the discussion concerning Fig. 1 , G(V) peak positions of the SIS junctions corresponding to the superconducting gap are not strongly affected by the broadening factors. Therefore the apparent shift of the gap edge with the increasing T is clearly manifested by the set of curves shown in Fig. 2 (a) . In this junction, a strong zero-bias background hump intertwines with the superconducting gap structure. Such a zero-bias hump may be attributed to the superconducting weak-link distribution over a non-ideal junction interface area. The intensity and bias range of the hump are gradually reduced with growing T. The gap peaks are weakened and almost disappear in the interval 10 -11 K leaving only a decaying hump structure, which also vanishes at about 15 K. Therefore, the BJ experiment reveals the local T c ≈ 10 K at the probed region, where the tunnel spectra with clear-cut gaps are formed, and T c ≈ 15 K characterizing a larger region. Since the T c value of 10 K is rather typical for several tunneling measurements [5] [6] [7] [8] , it probably reflects the intrinsic surface properties of the compound. On the other hand, T c ≈ 15 K obtained from the hump evolution is very close to the bulk T c determined by resistivity measurement [6] .The peak -to -peak separation of the bias voltage, V p-p = 4Δ/e, inferred from G(V) in Fig, 2 (a) is displayed as a function of T in Fig. 2 (b) . We also plotted a standard weak-coupling Bardeen-Cooper-Schrieffer (BCS) T dependence of the superconducting gap with 2Δ = 3.2 meV at 0 K and the corresponding T c = 10.5 K. The observed overall behavior agrees with the BCS one, but the gap is always smaller than the BCS value. This indicates a proximity nature of the gap with the inferior surface T c value of ≈ 10 K.
To study additional possible electron spectrum instabilities, it would be interesting to explore G(V) features at higher energies. Figure 3(a) displays the conductance G(V) extended to the high-bias region. For the upper curve of the main frame in Fig. 3 (a) , an overall V-shape feature is observed along with the central superconducting-gap structure. The superconducting region contains the representative gap feature of 2Δ = 2.5 -3 meV as has been already indicated above. The main feature of the upper curve, which deserves to be emphasized, is the reproducible broadened humps of G(V) centered at ± 30 -40 mV with the shallow depression between them. One can recognize these humps as the gap-like peaked structures outside the well-developed central superconducting-gap region. Such hump structures was also found for other BJ. For instance, the V-shaped gap-like structure with broad but well-defined peaks at ± 40 mV is clearly observed in the lower curve of Fig. 3 (a) . The overall conductance decrease in the gap region is about 20 -25 % of the peak height. It should be emphasized that such features are similar to the well-known dip-hump structures in the superconducting G(V) found in high T c superconductors [15] as well as in the conventional A15 compound Nb 3 Sn [16] . The spike or the shoulder tiny structures at ± 2-3 mV near zero bias in the bottom curve of Fig. 1 (a) is the manifestation of the superconducting gap. The appearance of the "superconducting" features vary from junction to junction. Therefore, we believe that both gap structures are independent of each other. In the inset of Fig. 3 (a) , a similar large gap structure is shown. It was obtained in our STS measurements and testifies for the feature reproducibility. The peak positions in the STS conductance at ± 20 mV are half as much as those in BJTS curves displayed in the main frame, which is consistent with the properties of SVN (V = vacuum, N = normal metal) and SIS junctions, respectively.
In order to clarify the nature of the ± 40 mV gapping, the temperature evolution above T c of the BJ conductance G(V) was measured and is presented in Fig. 3 (b) . The G(V) structure at the lowest T = 15.8 K shown in Fig. 3 (b) is more or less similar to that of the corresponding gap structure at 4.2 K presented in Fig. 3 (a) . It especially concerns the shallow gap minima (10-20 % of the peak conductance value). With increasing T, the intensity of gap peaks is gradually reduced and the bottom of the gap around zero bias is concomitantly elevated according to the conventional temperature evolution of the gapped density of states. The zero bias depression as a signature of the gap formation disappears at about 70 K, leaving the featureless conductance curve.
As for the peculiar temperature of 70 K, there exists an agreement between the data available for pure FeSe compound. Indeed, one-unit-cell FeSe film was found to exhibit superconductivity around 65 K and revealed the gap equal to Δ(0) ≈ 20 meV in the photoemission studies [17] . Both values T c = 65 K and 2Δ ≈ 40 meV are in accord with the present data. However, there is no other (resistive or diamagnetic) evidence for such a high-T c superconductivity in the composition FeSe 0.5 Te 0.5 . Since in our case we deal with substituted FeSe 0.5 Te 0.5 compound rather than with the pure FeSe, the apparent agreement is probably a misleading coincidence. Hence, the high-energy gapping observed here and demonstrated in Fig. 3 must be of a non-superconducting nature.
On the other hand, it is known that in the pure FeSe compound the structural phase transition occurs at about 70 K from the high-T tetragonal to low-T orthorhombic phase [2] . Low T c ≈ 8 K in FeSe [2] can be explained by the removal of the Fermi surface portion.
The temperature of the large-gap disappearance in the studied composition FeSe 0.5 Te 0.5 (see Fig. 3 (b) ) is also very close to the value 70 K, and it seems reasonable to attribute the observed phenomenon to a charge-density wave (CDW) formation concomitant to the structural transition. Thus, the gap in the electron spectrum may be driven by the reduced crystal symmetry due to the lattice distortion. However, this is also not confirmed directly because no apparent structural transition is observed. Nevertheless, the behavior of G(V) in FeSe 0.5 Te 0.5 is so similar to what is observed in other materials gapped by the conventional CDW formation [15] , that we should not rule out the Peierls transition scenario. As for the unobservability of the structural transition, it may be the consequence of its subtlety, so that very highly sensitive methods are needed to detect this phenomenon [18] .
